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Decoherence of superconducting transmon qubits is purported to be consistent with surface loss from two-
level systems on the substrate surface. Here, we present a study of surface loss in transmon devices, explicitly
designed to have varying sensitivities to different surface loss contributors. Our experiments also encompass
two particular different sapphire substrates, which reveal the onset of a yet unknown additional loss mecha-
nism outside of surface loss for one of the substrates. Tests across different wafers and devices demonstrate
substantial variation, and we emphasize the importance of testing large numbers of devices for disentangling
different sources of decoherence.
Superconducting transmon qubits1, often studied in
both planar (2D) and waveguide (3D) modalities, have
become important elements for extensible quantum com-
puting architectures2–4 which employ circuit quantum
electrodynamics (cQED). Typically, transmon coherence
times are largely dominated by amplitude damping (T1),
and for low temperatures and devices which are not Pur-
cell limited5, are often observed to become shorter with
smaller physical device sizes6,7. This trend, complemen-
tary to that observed for quality factor dependence on
physical trace and spacing widths in planar resonators8,9,
is suggestive that devices are surface loss limited; as the
transmon becomes smaller, a greater fraction of the elec-
tric field energy lies within a hypothetical layer of lossy
material on different device surfaces10–12.
The 3D waveguide approach to cQED13 is particularly
well-suited for investigation of loss mechanisms directly
on fabricated transmon devices, because of the clean mi-
crowave environment it provides. A transmon qubit de-
vice is only subject to environmental coupling through
the high-quality rectangular waveguide modes supported
by the 3D cavity. As such, the Purcell limit can be high,
providing a window into the losses due to the qubit de-
sign, fabrication processes, and bulk materials. These
particular losses, we refer to as intrinsic to the devices.
In this Letter, we present an experimental investigation
of intrinsic loss mechanisms of transmon devices exploit-
ing 3D waveguide approach. Surface losses of different
transmon device interfaces are examined via targeted de-
signs with varying participation susceptibilities to these
losses. Our results are consistent with the substrate-
vacuum and substrate-metal interfaces being the most
likely contributors to transmon decoherence. Fabrication
processing variations in the device lift-off medium to tar-
get removal of lossy interfaces are also studied, though
with no strong conclusion. Finally, we observe a strong
overall dependence on the intrinsic bulk loss properties of
the substrate which the qubits are fabricated on, indicat-
ing the superiority of heat exchanger method (HEM) sap-
phire, over the more commonly used edge-defined film-fed
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FIG. 1. (color online) (a) A typical aluminum cavity as used
in this work, housing a single 3D transmon device for test.
(b) Layered cartoon of transmon device layers, along with tar-
geted lossy interface layers. For our loss simulations, partic-
ipation ratios in the substrate-metal, substrate-vacuum, and
metal-vacuum layers are estimated. (c) The four reference
transmon qubit designs studied, with varying susceptibility
to the lossy interface layers.
grown (EFG) sapphire.
First, we formalize the surface loss picture in the
transmon devices by examining the participation of elec-
tric fields in various lossy interface layers. We con-
sider a thin surface layer contained in a volume Vs,
from which we can define the electric participation ra-
tio R =
∫∫∫
~E · ~DdVs/Etot, where Etot is the total
electrical energy
∫∫∫
~E · ~DdV . If this layer, with a
small microwave loss tangent δ, is the most dominant
source of loss, the qubit will then have a quality factor
Q ≡ ωT1 = 1/(R tan δ) where ω is the qubit frequency.
Finite element solvers (Ansoft HFSS) can be used to esti-
mate the surface participation of various films in complex
geometries (such as for transmon qubits). However, there
is a vast difference in scale between typically estimated
thicknesses of the thin surface loss layers (∼nm) and the
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2width-scale typical of 3D qubit geometries (>100 µm)
which renders this computation difficult. To counteract
this, we make the assumption that the electric field vari-
ation is small across the thickness, t, of a lossy layer,
such that we can approximate the volume integral with
a surface integral, giving R =
∫∫
t ~Ec · ~DcdS/Etot. Here
the surface of integration is the hypothetical lossy layer
and the integral is over the volume of the device. In the
absence of any outside knowledge of the nature of the
lossy layer, we note that Q−1 ∝ tδ, so T1 measurements
alone cannot determine t or δ, but only their product. We
thus introduce the surface loss sensitivity r ≡ R/t which
has units of inverse length and describes how sensitive a
device is to a given surface.
To investigate surface loss in 3D superconducting
transmon qubit devices13 [Fig. 1(a)] we hypothesize
that each of the qubit’s important interfaces, substrate-
vacuum, substrate-metal, and metal-vacuum, may have
a uniform lossy layer covering it [see Fig. 1(b)]. We de-
signed four benchmark transmon qubits designed to have
different sensitivities to these interfaces which are shown
in Fig. 1(c). The “Hero” and “Extended Hero” are mo-
tivated by the original 3D qubit work of Ref. 13, but re-
flect a scaling to minimize overall sensitivity to all surface
losses in the larger design. The “Guard” design main-
tains a small gap throughout the extent of the qubit, so
as to be intentionally very sensitive to both the substrate-
metal and substrate-vacuum layers. Finally, the “Skele-
ton” design actually contains many thin floating islands
of metal in the gap between the two main qubit capaci-
tive pads. These additional “bones” in the Skeleton de-
sign are meant to not contribute to the overall capac-
itance, but in effect to minimize the sensitivity of the
qubit to the substrate-vacuum but more sensitive to the
substrate-metal interface.
We fabricated and measured multiple instances of
these different qubit designs both within the same wafers
and between wafers on two types of substrates: c-Plane
EFG sapphire from Kyocera, used in previous work14,
and HEM Sapphire from GT Advanced Technologies. We
note that all of our results are dependent on accurate and
reproducible measurements of qubit T1, a quantity ob-
served to fluctuate over time. Each T1 trace is averaged
across several hours to average across this fluctuation,
and the mean value is reported in this work. A typi-
cal trace and histogram across several hours is shown in
Fig. 2(a-b) for a particular Extended Hero qubit on an
HEM sapphire substrate.
To visualize the importance that loss at different in-
terfaces may have, we plot the quality factor Q of the
measured qubits against 1/r for each particular surface
layer; a linear relationship would be expected if the T1 of
the qubit were limited by that layer. The dielectric con-
stant of the imputed layer also has some impact on the
resulting loss sensitivity. We assume a value of 6.2, inter-
mediate between that typical for oxides and for organic
films, although the precise value does not materially im-
pact our conclusions. As part of this study, note that
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FIG. 2. Typical T1 trace from an HEM sapphire Extended
Hero qubit; histogram distribution of T1 measured across sev-
eral hours.
we have prepared a number of qubits with identical ca-
pacitor designs but different Josephson junction areas,
resulting in qubit frequencies that differed by a factor of
two. Across these different devices, we find Q to be simi-
lar, with T1 being overall shorter for the higher frequency
devices, consistent with the loss model indicated above.
This confirms that the correct way to compare qubits of
different frequency in our experiment is by comparing Q,
not T1. Our measurements are split across two dilution
refrigerators, with microwave switches and multiple in-
put lines allowing measurements of up to twelve devices
in a single cooldown. Using long T1 pre-vetted “canary”
qubits shared between the refrigerators and for different
input lines, we have confirmed that there is no significant
variation for any of the test setups.
The extracted Q values of 35 qubit devices fabricated
on 6 wafers are shown in Fig. 3. Each position along the
x-axis corresponds to one of the four qubit types, each
distinct symbol represents devices drawn from a differ-
ent wafer, and each color indicates a different fabrica-
tion process variation. In Fig. 3(a), red points indicate
qubits fabricated on EFG sapphire substrates and black
points indicate HEM sapphire. For the EFG data, we
note that although the dependence of Q on the substrate-
vacuum participation ratio is monotonic, it saturates at
very large qubit designs (small surface sensitivities) to
a fixed value. The solid purple curve is a hypothesized
fit to this with two contributions: a surface loss propor-
tional to 1/r and a fixed background loss (dashed purple
lines). This trend is best-fit to r of 1.6 × 10−11/m and
the fixed background Q of 3 million. By comparison, if
we examine the substrate-metal interface as in Fig. 3(c),
we also find a saturation at small participation. Within
the scatter of our data we are not able to rule out either
substrate-metal or substrate-vacuum as dominating the
3loss.
Taken together, the observed fixed background loss
and wafer-to-wafer variability were suggestive of sub-
strate loss, i.e. that the sapphire substrates had a fixed,
non-neglible loss tangent of around 3 × 10−7. Particu-
lar pieces of specially prepared HEM sapphire have been
known to have very low cryogenic loss tangents15. To
elucidate this issue, we prepared additional 3D qubits on
HEM sapphire, and observed improved quality factors
for the Hero and Extended Hero design (black data in
Fig. 3 a, c). Based on this result, we believe the original
Hero and Extended Hero devices on EFG sapphire were
largely limited by bulk substrate loss, which would be
independent of qubit design.
As a final process variation, we used glacial acetic acid
for liftoff rather than acetone. This is reported to give
cleaner surfaces when processing graphene, another sur-
face sensitive material16,17. These additional data are
shown in green and purple for EFG and HEM substrates
respectively in Fig. 3(b,d); there appears to be no large
change as compared to our original processing. We note
that given our observed spreads, large numbers of devices
need to be compared both within a wafer and between
wafers to reliably resolve even large effects. Measuring
single qubits is inadequate.
The results in this work are likely to be particular to
the details of process steps and conditions currently in
use at our fabrication facility; however, the approach of
designing a series of qubits of carefully controlled loss
sensitivities as a technique for disentangling multiple co-
existing loss mechanisms as well as extrapolating prac-
tical limits on qubit coherence times in various material
systems is broadly applicable in both 2D and 3D qubits.
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FIG. 3. (a) Q versus inverse substrate-vacuum loss sensitivity for several qubits on two EFG sapphire (red) and HEM sapphire
(black) wafers. A simple surface loss model appears as a straight line through the origin, while a horizontal line is indicative of
a fixed background loss (dashed purple lines). Each point represents a single qubit, and measurement error is small compared
to qubit-to-qubit variation within the same process condition. A model with both the combined surface loss and a background
loss best fit to the EFG data is shown as a solid purple line. (b) Results for qubits processed with glacial acetic acid are
indistinguishable from those processed with acetone. (c,d) Similar conclusions are drawn if devices are compared to the
substrate-metal participation. These data cannot resolve if substrate-metal or substrate-vacuum loss dominates, or if each is
equally important.
